The human brain is extraordinarily complex, and yet its origin is a simple tubular structure. Characterizing its anatomy at different stages of human fetal brain development not only aids in understanding this highly ordered process but also provides clues to detecting abnormalities caused by genetic or environmental factors. During the second trimester of human fetal development, neural structures in the brain undergo significant morphological changes. Diffusion tensor imaging (DTI), a novel method of magnetic resonance imaging, is capable of delineating anatomical components with high contrast and revealing structures at the microscopic level. In this study, high-resolution and high-signal-to-noise-ratio DTI data of fixed tissues of second-trimester human fetal brains were acquired and analyzed. DTI color maps and tractography revealed that important white matter tracts, such as the corpus callosum and uncinate and inferior longitudinal fasciculi, become apparent during this period. Three-dimensional reconstruction shows that major brain fissures appear while most of the cerebral surface remains smooth until the end of the second trimester. A dominant radial organization was identified at 15 gestational weeks, followed by both laminar and radial architectures in the cerebral wall throughout the remainder of the second trimester. Volumetric measurements of different structures indicate that the volumes of basal ganglia and ganglionic eminence increase along with that of the whole brain, while the ventricle size decreases in the later second trimester. The developing fetal brain DTI database presented can be used for education, as an anatomical research reference, and for data registration.
Introduction
The human brain is arguably one of the most complicated organs in living systems. This elaborate structure originates from a simple neural tube, followed by a series of differentiation processes. In the past, this developmental process has been examined using classic histology-based methods (Rakic, 1972 (Rakic, , 1988 Rakic, 1973, 1982; Honig et al., 1996; Volpe, 2001) . Comprehensive two-dimensional atlases have also become available recently Altman, 2004, 2005) . Although these are valuable sources of anatomical reference, we still lack knowledge regarding the three-dimensional (3D) volumes and shapes of structures within the developing human brain.
Recently, magnetic resonance imaging (MRI) has been used to examine the anatomy of developing fetal brains of primate and human and to correlate it with histological analyses (Kinoshita et al., 2001; Kostović et al., 2002; Kroenke et al., 2005 Kroenke et al., , 2007 Rados et al., 2006) . Although conventional MRI is an effective technique to investigate the overall anatomy of the fetal brain, it does not provide clear contrast to differentiate various early structures inside the brain. Diffusion tensor imaging (DTI) is a relatively new MR technique that uses water diffusion as a probe to delineate the detailed structure of the human brain (Le Bihan et al., 1986; Moseley et al., 1990; Basser et al., 1994; Makris et al., 1997; Catani et al., 2002; Wakana et al., 2004; Mori et al., 2005) . DTI provides two new contrasts over conventional MRI to visualize various brain structures, which have been difficult to identify previously; namely, diffusion anisotropy and fiber orientations. Compared with conventional MRI based on relaxation parameters, this technology has superior contrast to delineate the anatomy of premyelinated brains (Hüppi et al., 1998 (Hüppi et al., , 2001 Neil et al., 1998 Neil et al., , 2002 McKinstry et al., 2002; Miller et al., 2002b; In a previous publication, we applied this technique to create brain atlases of thirdtrimester fetuses and newborns (Huang et al., 2006b) . In this paper, with DTI color map and tractography, we found that corpus callosum and uncinate and inferior longitudinal fasciculi become apparent during this period. Three-dimensional reconstruction shows that major brain fissures appear while most of the cerebral surface remains smooth until the end of the second trimester. A dominant radial organization was identified at 15 gestational weeks, followed by both laminar and radial architectures in the cerebral wall throughout the remainder of the second trimester. The morphology of subcortical structures does not change. Volumetric measurements of different structures indicate that the volumes of basal ganglia and ganglionic eminence increase along with the whole brain, while the ventricle size decreases in the later second trimester.
Materials and Methods
Samples. Postmortem samples of 13-22 gestational week human fetal brains (n ϭ 3 at each gestational week) were borrowed from the University of Maryland Brain and Tissue Bank for Developmental Disorders (National Institute of Child Health and Human Development contract no. N01-HD-4-3368 and N01-HD-4-3383). The samples were fixed with 4% paraformaldehyde in PBS and kept immersed in the fixation solution until 48 h before the MR experiments. The samples were then put into PBS to wash out the fixative and to replace the fixation solution inside the tissue. The samples were bathed with PBS in a custom-made MR-compatible chamber throughout the MR scanning.
Imaging protocol. 3D multiple spin echo diffusion tensor imaging was performed in both 11.7 T and 4.7 T Bruker scanners. Multiple echo (number of echoes ϭ 8) sequence was adopted to improve the signal-to-noise ratio. Thirteen to sixteen week fetal brains were scanned in an 11.7 T Bruker scanner with a micro 2.5 30 mm inner diameter. Bruker volume coil. Fetal brains over 17 weeks gestation were scanned in a 4.7 T Bruker scanner with a 70 mm inner diameter. Bruker volume coil. These volume coils were used as both the radio frequency signal transmitter and receiver. A set of diffusionweighted images (DWIs) were acquired in seven linearly independent directions. Diffusion sensitizing gradients with b value 1000 s/mm 2 were applied along six different orientations: [0.707, 0.707, 0], [0.707, 0, 0.707], [0, 0.707, 0.707], [Ϫ0.707, 0.707, 0], [0.707, 0, Ϫ0.707], and [0, Ϫ0.707, 0.707] . DWI parameters for the 11.7 T scanner were as follows: effective TE ϭ 67 ms, TR ϭ 0.8 s, FOV ϭ 25-35 mm/25-35 mm/25-35 mm, imaging matrix ϭ 128 ϫ 80 ϫ 80 (zero filled to data matrix ϭ 128 ϫ 128 ϫ 128). The imaging resolution was 200 to 400 m for fetal brains between 13 and 16 weeks of gestation. DWI parameters for the 4.7 T scanner were: effective TE ϭ 66 ms, TR ϭ 0.8 s, FOV ϭ 40 -52 mm/40 -52 mm/40 -52 mm, imaging matrix ϭ 128 ϫ 72 ϫ 72 (zero filled to data matrix ϭ 128 ϫ 128 ϫ 128). The imaging resolution was 300 to 600 m for fetal brains between 17 and 21 weeks of gestation. The total imaging time was ϳ20 h with two signal averages for DTI data acquisition at both 4.7 T and 11.7 T.
Postprocessing and visualization of DTI. The diffusion-weighted images were transferred to an off-line PC workstation and processed by DtiStudio . Six elements of diffusion tensor were determined by multivariable least-square fitting using the following equation:
where D ញ is a 3 ϫ 3 symmetric tensor, G is a gradient vector, ␥ is the gyromagnetic ratio, and S and S 0 are signal intensities with and without diffusion weighting. The tensor was diagonalized to obtain three eigenvalues ( 1-3 ) and eigenvectors ( 1-3 ). Anisotropy was measured by calculating fractional anisotropy (FA) (Pierpaoli and Basser, 1996) :
The eigenvector associated with the largest eigenvalue ( 1 ) was used as an indicator of the fiber orientation. For the color-coded orientation map, red (R), green (G), and blue (B) colors were assigned to left-right, anterior-posterior, and superior-inferior orientations, respectively. For the color presentation, 24-bit color was used in which each RGB color had an 8-bit (0 -255) intensity level. The vector 1 (ϭ[ 1x , 1y , 1z ]) was a unit vector that always fulfills a condition, 1x 2 ϩ 1y 2 ϩ 1z 2 ϭ 1. Intensity values of 1x 2 ϫ 255 were assigned to the R channel, 1y 2 ϫ 255 to the G channel, and 1z 2 ϫ 255 to the B channel. To suppress orientation information in isotropic brain regions, the 24-bit color value was multiplied by the FA to calculate the color-encoded maps. Average diffusionweighted images (aDWIs) were obtained by adding all diffusionweighted images. In 2D images of structure annotations, both colorencoded maps and aDWIs have been cropped so that the areas outside the brains are not shown.
Structure annotation and reconstruction. Brain structures were assigned and annotated based on a histology atlas of second-trimester fetal brains (Bayer and Altman, 2005) . The following brain structures were clearly identified in MRI/DTI and manually segmented using RoiEditor (www. mristudio.org): ventricle, thalamus, ganglionic eminence (GE), putamen (includes globus pallidus), caudate, and cerebral layers. The caudate nucleus and GE were distinguished by their differences in diffusion anisotropy; the GE had a higher anisotropy than the caudate nucleus (Huang et al., 2006) . To check the reproducibility of the manual segmentation, we manually segmented all the brain structures three times. The time interval of each round of manual segmentation was at least 1 week. The coefficient of variation (CV), defined as ratio of the SD to the mean, was calculated to measure the reproducibility. After tissue segmentation, their volumes were measured. Cerebral surface area was also calculated by adding the area of all triangular meshes constituting the surface.
Measurement of thickness of the cortical plate and subplate. As shown in Figure 1 . Layers of the developing cerebral cortex. a-c show a coronal histological slide of a 17 week fetal brain, a coronal MRI aDWI slice of a 17 week fetal brain, and an enlarged piece of the cerebral wall, respectively. In b, aDWI contrast clearly differentiates three layers that correspond to those regions in a and c. The red contour is the boundary of the cortical plate and subplate (CPϩSP). The dashed red curve separates the cortical plate and subplate. The annotation of each layer is shown at the bottom right panel. Figure 1 , three compartments can be differentiated in the cerebral wall by aDWI, which are the cortical plate, the subplate, and deep-tosubplate layers (Maas et al., 2004; Huang et al., 2006b) . The deep-to-subplate layers consist of the intermediate zone, the subventricular zone, the periventricular zone, and the ventricular zone (Kostović et al., 2002) , but they are difficult to differentiate by MRI/DTI. The distinction of the cortical plate and the subplate is also often difficult, especially in early-secondtrimester brains. For cortical segmentation, we combined the cortical plate and subplate (CPϩSP) as shown in Figure 1 . Measurement of the thickness was based on triangular meshes that build up the surface, as shown in supplemental Figure 1 , a and b (available at www.jneurosci.org as supplemental material). For each triangle from the surface rendering of the CPϩSP, there is a normal vector that is perpendicular to this triangle. The intervals of this normal vector between Figure 1 's solid red lines, which constitute two bounded surfaces of CPϩSP in 3D, determine the thickness. Compared with the thickness measurement in 2D images, thickness along the normal vectors of the surface is more accurate, as it provides information of the shortest distance between two surfaces.
Measurement of the angle between the tensor primary eigenvector and the normal surface vector. The normal vector of each triangle and primary eigenvector of the diffusion tensor were used to determine the angles between them, which directly provided information about how the primary eigenvectors of the diffusion tensor align with the normal vector of the surface. A cortical surface formed by hundreds of thousands of triangular meshes is shown in supplemental Figure 1a (available at www. jneurosci.org as supplemental material) with the enlargement of one piece of surface shown in supplemental Figure 1b (available at www. jneurosci.org as supplemental material). Supplemental Figure 1c (available at www. jneurosci.org as supplemental material) demonstrates measurement of the angle between the diffusion tensor primary eigenvector and the surface normal vector. This angle is restricted from 0 to 90°.
Normalization of thickness and angle. To obtain a population average of CPϩSP thickness and angles between the surface normal vector and the diffusion tensor primary eigenvector, a two-step cross-sample registration was conducted at each time point, as demonstrated in supplemental Figure 2 (available at www. jneurosci.org as supplemental material). Due to the limited samples at each time point and extremely soft and fragile character of the postmortem fetal brains, we used one brain that was symmetric and had the least amount of deformation in each age group as a normalization template. The first step was a threedimensional, 12-mode affine registration by automated image registration (Woods et al., 1998 ) based on aDWI images. This linear transformation transforms the brains to the same orientation and size. In the third and fourth White matter fibers are labeled on color-encoded maps, while other structures are labeled on aDWI images. ac, Anterior commissure; acr, anterior region of corona radiata; alic, anterior limb of internal capsule; cbt, corticobulbar tracts; cc, corpus callosum; cg, cingulum; cp, cerebral peduncle; cst, cortical spinal tract; dscp, decussation of superior cerebellar peduncle; ec, external capsule; fx, fornix; icp, inferior cerebellar peduncle; ifo, inferior fronto-occipital fasciculus; ilf, inferior longitudinal fasciculus; middle cerebellar peduncle; mcp, middle cerebellar peduncle; ml, medial lemniscus; oc, optical chiasm; on, optical nerve; plic, posterior limb of internal capsule; ros, rostrum; scp, superior cerebellar peduncle; scr, superior region of corona radiata; splen, splenium; st, stria terminalis; unc, uncinate fasciculus vof, vertical occipital fasciculus; IV Ven, fourth ventricle; Aqu, aquarium; Caud, caudate; Cblm, cerebellum; Chor Plex, choroid plexus; CP, cortical plate; FL, frontal lobe; GE, ganglionic eminence; IG, insular gyrus; Lat Ven, lateral ventricle; Put, putamen; SP, subplate; Tha, thalamus; Put, putamen.
columns of supplemental Figure 2 (available at www.jneurosci.org as supplemental material), the red contour was defined by setting the intensity threshold of the template and was overlaid on each image as guide. It can be observed that the outer surface of CPϩSP is not well aligned. The second step was fine registration by large deformation diffeomorphic metric mapping (LDDMM) transformation (Miller et al., 2002a ) based on the binary image, as only the outer surface of the brains needed to be aligned well for calculating the average thickness and angle. LDDMM is a nonlinear registration process. The outer surfaces of the two subjects matched well with the template boundary (supplemental Fig. 2 , available at www. jneurosci.org as supplemental material). The final transformation matrix from aDWI images at each step was then applied to the threedimensional cerebral layer thickness and vector/surface angle images. Even with the twostep registration process, specimens were not perfectly aligned with the template at some locations, shown as the fourth column of supplemental Figure 2 (available at www.jneurosci.org as supplemental material). At the voxels with imperfect registration, nearest neighbor interpolation was used to extrapolate the nonregistered information to the nearest template locations. After normalization, the average thickness and angle were displayed at the surface of the brain using a color coding assigned to each surface triangle.
DTI-based fiber tractography and ROI drawing strategy. For visual assistance, identified white matter tracts were three-dimensionally reconstructed using the fiber assignment by a continuous tracking method (Mori et al., 1999) . For the reconstruction, a fractional anisotropy threshold of 0.15 and an inner product threshold of 0.75 were used. As the organization of the white matter tracts of the fetal brain is relatively simple compared with that of the adult human brain, single region of interest (ROI) or seed region has been implemented for most tractography. Tracking protocol for cingulum and corpus callosum were similar to that used in our reproducibility study for the adult human brain since the relative locations of these tracts in the brain hardly change from fetal to adult brains. Fiber tracking of brainstem tracts, namely inferior and middle cerebellar peduncle in this study, also followed the protocol used for the adult human brain (Stieltjes et al., 2001) for the same reason. ROIs for other tracts were identified by the annotation from previous step. The single ROI for fornix, which is labeled in third row of Figure 2a , included a small blue region just posterior to the midpoint of the anterior commissure in an axial plane. Using the entire cerebral peduncle in an axial plane of the decussation of the superior cerebellar peduncle as the single ROI, we could trace the internal capsule. For 19 week or older fetal brains, the green regions close to the ganglionic eminence could be identified as sagittal striatum in the third row of Figure 2 , a (axial slice) and b (coronal slice). ROIs for tractography of sagittal striatum were drawn there to include those green regions. The bright blue dot at the anterior temporal lobe in the axial plane of the decussation of the superior cerebellar peduncle was used as ROI for tracing uncinate fasciculus, and details can be found in our previous publication (Huang et al., 2006b ). The ROI for tracing external capsule could be found in the axial plane just above the midsagittal corpus callosum as two symmetric thin blue areas close to putamen for 13-15 week fetal brains.
Results

White matter tracts
The DTI-derived images provide unique contrasts of white matter fiber bundles. Figure 2 shows the 2D DTI atlas of a secondtrimester brain with color-encoded maps and aDWIs. For a comprehensive illustration of the brains, 2D slices in two orientations, Figure 3 . 3D depiction of developmental white matter fibers. a is a lateral view of limbic tracts where pink fibers in 13, 15, and 19 week brains are the fornix and stria terminalis and purple fibers in the 19 week brains indicate the cingulum bundle. b is an oblique view of the commissural fibers, where pink and green fibers in 13, 15, and 19 week brains are the corpus callosum and the middle cerebellar peduncle, respectively. c is a lateral view of projection fibers, where red and purple fibers in 13, 15, and 19 week brains are the cerebral peduncle and the inferior cerebellar peduncle, respectively. d is a lateral view of association tracts, in which blue fibers in brains of 13 and 15 weeks are the external capsule, and green and red fibers in a brain of 19 weeks are the inferior longitudinal fasciculus/inferior fronto-occipital peduncle and uncinate fasciculus, respectively. For anatomical guidance, the thalamus (yellow structure in a-d) and the ventricles (gray structure in a, c, d) are also shown.
i.e., axial and coronal, are displayed. Various white matter structures that can be seen in these images are assigned and annotated. Furthermore, the DTI based tractography reveals information on the global morphology of individual tracts during development. Three-dimensionally reconstructed white matter tracts of fetal brains at 13, 15, and 19 weeks are shown in Figure 3 . Tracts in the brainstem and limbic tracts are among those developing early and before the second trimester. During the second trimester, some commissural and association tracts, specifically the corpus callosum and uncinate and inferior longitudinal fasciculi, become apparent. , 3b (green fibers), 3c (purple fibers)] At 13 weeks, the pontine crossing tract (pct) and the corticospinal tract (cst) can already be identified. At 15 weeks, the pct increases . Three-dimensional reconstruction of the lateral (top row) and medial (bottom row) surface of 13-21 week brains to reveal the development of the Sylvian fissure (green arrow), the calcarine fissure (blue arrow), and the parieto-occipital sulcus (red arrow), respectively. its volume and completely surrounds the cst; the configuration is similar to the adult brain. During 15-21 weeks, the cst increases its size relative to the pons. Simultaneously, the middle and inferior cerebellar peduncles and the medial lemniscus become clearly visible. From Figure 3 , b and c, the middle and inferior cerebellar peduncles are observed from 13 weeks.
Tracts in the brainstem
Limbic tracts (Figs. 2, 3a) Limbic tracts analyzed include the stria terminalis (st), fornix (fx), and the cingulum (cg) bundle. Among these tracts, the st and the fx, which are relatively small tracts in adult brains, can be appreciated as major tracts at 13 weeks [Figs. 2a (at the level of the anterior commissure), 3a]. In contrast, the cg bundle can be traced only after 17 weeks (Fig. 3a) . Figure 2 demonstrates the development of the commissural tracts. In a 13 week fetal brain, the corpus callosum cannot be identified, while the middle cerebellar peduncle, optic chiasm and anterior commissure are observed. The corpus callosum appears at 15 weeks; however, the midsagittal corpus callosum of the fetal brain is extremely fragile and often severed (e.g., 19 and 21 week brains). In these cases, such fiber tracts had to be identified in parasagittal or axial slices.
Commissural tracts (Figs. 2, 3b)
Projection tracts (Figs. 2, 3c)
The internal capsule is recognizable early in development at 13 weeks (Fig. 2a,b , anterior commissure plane). It is a good landmark for delineating the ganglionic eminence and caudate nucleus from the putamen and globus pallidus (Fig. 2b , anterior commissure plane). Throughout development, the internal capsule expands from its core to more anterior and posterior areas [Figs. 2b (anterior commissure plane), 3c].
Association tracts (Figs. 2, 3d)
The sagittal stratum and the external capsule contain major association fibers. The initial formation of these different fiber tracts occurs at different stages. The uncinate fasciculus (unc) and sagittal stratum appear at 15 weeks (Fig. 2) . With DTI-based tractography, the external capsule (ec) can be traced in earlysecond-trimester brains at 13 or 15 weeks, but the inferior frontooccipital fasciculus (ifo, part of sagittal stratum), inferior longitudinal fasciculus (ilf, part of sagittal stratum), or unc cannot be traced in these brains. For 19 week brains, ifo, ilf, and unc can be traced, shown as Figure 3d . Unlike the corpus callosum or internal capsule, these association fibers do not undergo significant development during the second trimester. As we have reported in previous studies (Huang et al., 2006b; Zhang et al., 2007) , the superior longitudinal fasciculus is not prominent, even at birth.
Other tracts (Fig. 4) In addition to the four major groups of tracts, there are some tracts that connect different nuclei and cannot be easily identified in adult brains. In Figure 4 (left), mammillothalamic (mpt) and habenularinterpeduncular (htt) tracts are evident in histological sections (Bayer and Altman, 2005) . The axial and sagittal color-encoded maps (Fig. 4, middle and right) of the same 15 week fetal brain clearly reveal these two tracts. From our data, these tracts are easily delineated in 13-17 week fetal brains.
The cerebral wall
Not only can various white matter fiber bundles be characterized, the organized development of the cerebral wall can also be revealed with DTI. First, 3D reconstruction directly demonstrates that the major sulci form sequentially. Second, thickness of the CPϩSP in the cerebral wall can be characterized and displayed in 3D. Third, with the orientation information of diffusion tensor primary eigenvector in the cerebral wall, the microstructure of the cerebral wall can be visualized. Angle measurement shows how the diffusion tensor primary eigenvector on the surface aligns with the surface normal vector. Figure 5 shows lateral (top row) and medial (bottom row) views of three-dimensional reconstruction of one hemisphere of fetal brains between 13 and 21 weeks of gestation. Different sulci are delineated by different colored arrows. In lateral view, the thickening and widening of the Sylvian fissure is most obvious. Figure  5 also demonstrates the order of the sulcal formation: the Sylvian fissure appears first; followed by the calcarine fissure and central sulcus; and finally, the parieto-occipital sulcus emerges.
Sulcal formation
Thickness of CPϩSP
During the second trimester, the thickness of the cortical layer undergoes an inhomogeneous increase. Figure 6a -e shows thickness profiles across the cortical surface at different developmental stages. Thickness maps were generated by averaging over three subjects at each time point. The thickness across different cortical areas was averaged, yielding a simple scale value shown in Figure  6f . At 13 weeks, the average thickness over the whole brain is ϳ1.0 mm. This increases more than threefold to reach 4.1 mm by 21 weeks of gestation. At 13-15 weeks, the lateral part of the brain is thicker than the other areas (Fig. 6a,b) , correlating with the lateral to medial gradient of development of the cerebral cortex. The thickness profile changes significantly at later stages of development. At 21 weeks, the frontal and superior temporal parts of the brain are thickest. The CPϩSP develop in an anterior to posterior direction, which is consistent with the increase in corpus callosum development shown in Figure 3b .
Visualization of the microstructure of the cerebral wall
Diffusion tensor imaging can lend insight into the structure of the cerebral wall of the fetal brain because the water diffusion properties are strongly influenced by tissue microstructure . Unlike the adult human brain where the fractional anisotropy of the cortex is low, the fractional anisotropy of the developing fetal brain cortex is high (Fig. 2) , indicating an organized structural orientation. Figure 7a -e shows the axial images of aDWI on the left and the color-encoded map on the right at the level of the middle cerebrum. Figure 7f -j is the enlarged cerebral wall of the aDWI images, and Figure 7k -o displays the primary eigenvector map where the color encodes the magnitude of the eigenvector projection in that plane. No clear columnar organization was observed in the 13 week fetal brains, yet three laminar compartments could be observed (Fig. 7f ) . Interestingly, there are clear red bands at the anterior and posterior portion of the color map (Fig. 7a, yellow arrows) . The red bands are consistently observed in all three samples at this time point and indicate left-to-right oriented structures that are evident in Figure 7k . In the enlarged aDWI images (Fig. 7g-i) , from 15 to 19 weeks gestation, the radial alignment within the cortex is visible, across the laminar organization. Compared with the 13 week brains, the anterior and posterior portions of the color-encoded maps are mostly green (Fig. 7b-e) , indicating anterior-toposterior oriented structures. These radial structures are evident in the visualization of the primary eigenvectors (Fig. 7l-n) . For the 21 week brains, the visualization of the primary eigenvectors still reveals a dominant radial organization (Fig. 7o) . Figure 7k -o illustrates the existence of both tangential and radial microstructures in the second-trimester fetal brains. To further quantify the orientation of these microstructures, the diffusion tensor primary eigenvector/surface angle measurements provide a unique view of the direction of these structures relative to the surface. In Figure 8a -e, except for the brains at 13 and 15 weeks, the blue color predominates in most areas of the hemisphere, indicating that the primary eigenvector is almost perpendicular to the local triangular mesh plane. The colors, other than blue, reveal the tangential, rather than radial, structures on the surface.
Three-dimensional reconstruction and quantitative assessment of subcortical brain structures
Multiple subcortical structures can be identified and segmented using the high contrast of aDWIs and color-encoded maps: the caudate nucleus, putamen, globus pallidus, ganglionic eminence, thalamus, hypothalamus, and ventricles. The test-retest accuracy Figure 7 . Delineation of cerebral wall structures for brains of 13-21 weeks of gestational age. In a-e, aDWI images are placed on the left, and the color-encoded map is placed on the right for brains at each gestational stage. Enlarged cerebral wall in f-j reveals multiple layers. k-o depict the visualization of the primary eigenvector of the tensor within the cerebral wall.
of the manual segmentation of these structures was 4.9 Ϯ 2.2%. Three-dimensional reconstruction demonstrates the morphological changes of these structures during the second trimester from 13 to 21 weeks (Fig. 9) . Quantitative information about the structural volume can be acquired with manual segmentation. Figure 9a shows a three-dimensional reconstruction of the total brain and segmented subcortical structures. The first row shows the whole brain (gray) as a reference; the second row shows the ventricle; and the third row shows the ganglionic eminence (red), thalamus (yellow), and caudate nucleus (green). At 13 weeks of gestation, the brain surface is smooth and the initial folding of the Sylvian fissure is evident. The Sylvian fissure is more apparent at 15 weeks and prominent by the end of the second trimester. The ventricles are the brain's dominant structure early in the second trimester, with clear enlargement at the anterior horns of the lateral ventricles. Thinning of the anterior, inferior, and posterior horns of the lateral ventricles through development was observed (Fig. 9a) . From 13 to 21 weeks of gestation the shape of the ganglionic eminence and the basal ganglion remain almost unchanged. Figure 9b -d quantitatively depicts the absolute and normalized volume change of the brain structures and cerebral surface area. The volumes of the basal ganglia and the ganglionic eminences increase with development, whereas the volume of the ventricle decreases later in the second trimester (Fig. 9b) . Note that the ganglionic eminences are transient and are replaced by the caudate, the putamen, the globus pallidus, and basal ganglia later in development (Sidman and Rakic, 1982) . Its volume, however, still undergoes a steady increase resulting in the normalized volume of the basal ganglia and ganglionic eminence fluctuating in a range of Ͻ2% throughout the second trimester, while the relative size of the ventricles drops dramatically from ϳ25 to 5% (Fig. 9d) . The normalized volume of the thalamus also decreases slightly throughout this period. This relative volume decrease of the ventricles and the thalamus is partly compensated for by a volume increase of the cortical plate and subplate (Fig. 9d) . The volume of the whole brain grows almost linearly during this period, as does the cerebral surface (Fig. 9c) .
Discussion
We have provided the first DTI atlas and quantitatively assessed the volume, primary eigenvector/surface angle and thickness of CPϩSP during the second trimester of human fetal brain development. Our study demonstrates that DTI provides a unique probe to systematically characterize the neuroanatomy of the developing human brain. Specifically, we have (1) identified the age when the uncinate fasciculus and inferior longitudinal fasciculus become apparent, (2) revealed the volume increase of basal ganglia and ganglionic eminences and observed an inhomogeneous increase in the thickness of the CPϩSP, and (3) found that columnar structures become detectable with DTI at ϳ13 weeks or earlier. Using 3D reconstruction, we were also able to identify the sequence of sulcal formation and observed the following order:
Sylvian fissure, calcarine fissure, central sulcus, and parietooccipital sulcus.
Much of our anatomical knowledge of human fetal brain development is based on histological analysis, and there are a surprisingly small number of such studies that systematically describe the developmental processes of the human brain. Most of the available atlases are schematics and photographs (O'Rahilly and Muller, 1999) . Recently published histological atlases by Altman (2004, 2005) are excellent resources. Although MRI-based anatomical studies cannot provide anatomical information as detailed as that provided by histology, MRI excels in characterizing the 3D architecture of the developing brain. The analysis of growing axonal bundles, in particular, is difficult to study with histology-based techniques. The use of MRI-based techniques, together with histology, can enhance our understanding of the dynamics of human brain development (Kostović et al., 2002) .
During the second trimester, significant changes were observed in the white matter, most dramatic of which were that the uncinate fasciculus, inferior longitudinal fasciculus, and corpus callosum became apparent. The limbic tracts developed earliest, and were visible in color-encoded maps by 13 gestational weeks. Ren et al. (2006) have reported the formation of the corpus callosum at ϳ15 gestational weeks. Among the commissural tracts, the anterior commissure and optic chiasm appear earlier than the corpus callosum (Fig. 2) . After the initial appearance of the corpus callosum, it extends in both anterior and posterior directions during the following weeks. At 19 weeks gestation, it undergoes more anterior development (Huang et al., 2006b) . Projection fibers can be delineated at 13 weeks, and develop to its peripheral regions during the second trimester. We observed the uncinate fasciculus and inferior longitudinal fasciculus become apparent at 15 gestational weeks, and no association fibers could be identified in the 13 gestational week brain. The visibility of different white matter tracts was restricted by the quality of the samples and the resolution of the images. Most fibers in the cerebrum, with a pronounced appearance, can be revealed with our data set (200 -400 m). However, some fibers, such as superior cerebellar peduncle, can be observed in histological studies (Bayer and Altman, 2005) , but not in our DTI images. Therefore, it is possible that some existent fibers were not identified in DTI images.
We examined the development of the cerebral wall macroscopically and found that the laminar pattern in our DTI images was consistent with findings from histological slides and T 1 -weighted images (Kostović et al., 2002) . From 13 to 21 weeks gestation, the laminar structures of the cerebral wall, which consists of multiple layers (Fig. 7f-j) , can be observed. The lateral and medial views of the three-dimensional reconstruction of one hemisphere reveal the order of sulcal formation. Although large sulci have formed by the end of the second trimester, the brain surface is still smooth, and most of the folding of the cerebral cortex takes place later in fetal development. The thickening pattern of the CPϩSP during the second trimester is similar to that of the mouse from E14 to E18 (Zhang et al., 2003) , suggesting that the mechanisms regulating the increase of CPϩSP may be evolutionarily conserved.
We also characterized the development of the cerebral wall microscopically by delineating the orientations of microstructures with diffusion tensor primary eigenvector. McKinstry et al. (McKinstry et al., 2002) clearly identified the radial structure in vivo in 26 week fetal brains. They have also found that the radial organization disappears by 36 weeks. Our study revealed that the radial organization begins to appear at 13 weeks and becomes pronounced at 15 weeks. The aDWI images and vector maps (Fig.  7k-o) clearly show that the laminar and radial structures intertwine throughout the second trimester. Previous studies have found that the laminar organization is predominant in the adult cerebral cortex, although it functions with the columnar units along the radial direction (Mountcastle, 1997) . Thus, it implies that the radial organization is prominent only from 13 to 36 weeks of gestational age, while the laminar organization may exist throughout brain development.
We reconstructed major subcortical neural structures three dimensionally to demonstrate their morphological changes. Furthermore, we measured the volumes of the neural structures throughout the second trimester. There was almost a constant volume increase for the basal ganglia and the ganglionic eminences. The ganglionic eminences are developmental structures that differentiate during the third trimester into the caudate, the putamen, the globus pallidus, and the basal ganglia. The expansion of these subcortical structures is accompanied by the shrinkage of the ventricle. Global changes of these structures have been reported in this study qualitatively and quantitatively. Compared with histological studies, MRI has the advantage of providing a convenient three-dimensional reconstruction and quantitative assessment of volume and area. These two modalities provide complementary information about the dynamic changes that occur during brain development.
